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Abstract
Purpose To investigate how the pattern of sedentary behaviour affects intra-day glucose regulation in type 2 diabetes.
Methods This intensive longitudinal study was conducted in 37 participants with type 2 diabetes (age, 62.8 ± 10.5 years). 
Glucose and sedentary behaviour/physical activity were assessed with a continuous glucose monitoring (Abbott FreeStyle 
Libre) and an activity monitor (activPAL3) for 14 days. Multiple regression models with generalised estimating equations 
(GEEs) approach were used to assess the associations of sedentary time and breaks in sedentary time with pre-breakfast 
glucose, pre-lunch glucose, pre-dinner glucose, post-breakfast glucose, post-lunch glucose, post-dinner glucose, bedtime 
glucose, the dawn phenomenon, time in target glucose range (TIR, glucose 3.9–10 mmol/L) and time above target glucose 
range (TAR, glucose > 10 mmol/L).
Results Sedentary time was associated with higher pre-breakfast glucose (p = 0.001), pre-dinner glucose (p < 0.001), post-
lunch glucose (p = 0.005), post-dinner glucose (p = 0.013) and the dawn phenomenon (p < 0.001). Breaks in sedentary 
time were associated with lower pre-breakfast glucose (p = 0.023), pre-dinner glucose (p = 0.023), post-breakfast glucose 
(p < 0.001) and the dawn phenomenon (p = 0.004). The association between sedentary time and less TIR (p = 0.022) and the 
association between breaks in sedentary time and more TIR (p = 0.001) were also observed.
Conclusions Reducing sedentary time and promoting breaks in sedentary time could be clinically relevant to improve intra-
day glucose regulation in type 2 diabetes.
Keywords Type 2 diabetes · Glucose targets · Glycaemic control · Sedentary behaviour · Physical activity · Breaks in 
sedentary time
Abbreviations
BMI  Body mass index
CGM  Continuous glucose monitoring
GEEs  Generalised estimating equations
HbA1c  Glycated haemoglobin
IDF  International Diabetes Federation
MVPA  Moderate to vigorous physical activity
QIC  Quasi-likelihood under the independence model 
criterion
TIR  Time in target glucose range
TAR  Time above target glucose range
Introduction
Sedentary time (time spent sitting or reclining during wak-
ing hours) is highly prevalent in people with type 2 diabetes. 
People with type 2 diabetes spend approximately 64% of 
their waking hours in sedentary behaviour (van der Berg 
et al. 2016). There is cross-sectional evidence that sedentary 
time is associated with high fasting glucose, 2-h postprandial 
glucose after a test meal, insulin resistance and HbA1c (gly-
cated haemoglobin) in people with type 2 diabetes (Healy 
et al. 2007; Helmerhorst et al. 2009; Sardinha et al. 2017). 
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On the other hand, breaks in sedentary time, defined as 
short period of standing or walking in between two peri-
ods of sitting/reclining, have beneficial associations with 
fasting glucose, 2-h postprandial glucose after a test meal 
and insulin resistance in those with type 2 diabetes (Healy 
et al. 2008; Sardinha et al. 2017; Tremblay et al. 2017). 
These findings suggest that sedentary time and breaks in 
sedentary time may impact intra-day glucose regulation, 
such as pre-breakfast glucose (fasting glucose), pre-lunch 
glucose, pre-dinner glucose, post-breakfast glucose, post-
lunch glucose, post-dinner glucose, bedtime glucose, the 
dawn phenomenon, time in target glucose range (TIR, glu-
cose 3.9–10 mmol/L) and time above target glucose range 
(TAR, glucose > 10 mmol/L). If this is the case, then there 
is a possibility that reduction of sedentary time with activity 
breaks could be used as a potential therapeutic intervention 
to help regulate glycaemia. However, limited evidence is 
available to support the associations of sedentary time and 
breaks is sedentary time with pre-breakfast glucose, pre-
lunch glucose, pre-dinner glucose, post-breakfast glucose, 
post-lunch glucose, post-dinner glucose, bedtime glucose, 
the dawn phenomenon, TIR and TAR in free-living settings. 
There is an evidence-based global guideline for type 2 diabe-
tes produced by the International Diabetes Federation (IDF), 
and it suggests that pre-meal glucose and post-meal glucose 
control are crucial to achieve recommended HbA1c < 7% 
(53 mmol/mol) and to reduce diabetes-related complications 
(International Diabetes Federation Guideline Development 
Group 2014). Additionally, bedtime glucose, the dawn phe-
nomenon and TIR have been shown to be associated with 
HbA1c (Monnier et al. 2013; Wei et al. 2014; Vigersky and 
McMahon 2018; Battelino et al. 2019). Therefore, glucose 
regulation throughout the day is important in those with type 
2 diabetes. This study aimed to explore if sedentary time and 
breaks in sedentary are associated with pre-breakfast glu-
cose, pre-lunch glucose, pre-dinner glucose, post-breakfast 
glucose, post-lunch glucose, post-dinner glucose, bedtime 
glucose, the dawn phenomenon, TIR and TAR in people 
with type 2 diabetes with habitual diet and physical activity 
patterns.
Methods
Study design
The present study was an intensive longitudinal study 
(Bolger and Laurenceau 2013). It was approved by the Uni-
versity Ethics Committee (UEC) of University of Strath-
clyde. The study was conducted in accordance with the 
Declaration of Helsinki, and written informed consent was 
obtained from all participants.
The study involved two short visits to the University 
laboratory or convenient location (e.g. participant’s home). 
During visit one, participants were fitted with a continuous 
glucose monitoring (CGM, Abbott FreeStyle Libre) and an 
activPAL3 activity monitor (PAL Technologies, Glasgow, 
UK). The researcher collected participants’ demographic 
data. Participants then returned home and completed their 
normal daily living for up to 14 days. To ensure compliance 
with protocol, participants were requested to maintain their 
habitual diet and physical activity patterns throughout the 
study. Participants were also provided with sleep diary and 
24-h Dietary Recall Form to record their habitual bedtime, 
waking time, meal time, dietary intake and medication. At 
visit two, the CGM and activPAL3 were removed, and this 
was the end of study for each participant.
Participants
Participants were recruited between February 2016 and 
February 2017 through advertising within the staff of two 
universities, Diabetes Balance magazine, the Diabetes UK 
website and diabetes support groups in the Glasgow commu-
nity. Eligibility criteria included diagnosed type 2 diabetes 
and age ≥ 18 years. Exclusion criteria included pregnancy, 
alcohol and substance abuse, insulin therapy, age < 18 years, 
liver and renal diseases and cancer.
Assessment of carbohydrate intake 
and demographic variables
Demographic variables such as age, gender, duration of 
diabetes, anti-diabetes medication, waist circumference 
and body mass index (BMI) were collected. Carbs & Cals 
Counter and 24-h Dietary Recall Form were used to calcu-
late daily carbohydrate intake (g/day) for each participant 
(Cheyette and Balolia 2013).
Assessment of sedentary time and breaks 
in sedentary time
The activPAL3 activity monitor was waterproofed and was 
then attached to the anterior aspect of the right thigh using 
hypoallergenic dressing. Participants were requested to wear 
the device continuously for up to 14 days, and they were also 
provided with extra hypoallergenic dressing and information 
on how to reattach the device if it has fallen off. Participants 
were also asked to record the time if they remove the device 
or the device has fallen off, and it was noted that all partici-
pants wore the device continuously for up to 14 days in this 
study. This device was validated and accurately monitors the 
start and duration of sitting, lying, standing and walking for 
14 days (Lyden et al. 2012, 2017). This device also provides 
valid estimates of breaks in sedentary time (Lyden et al. 
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2012, 2017). The activPAL3™ software (version 7.2.32) 
was used to download the data from this device.
Sedentary time (h/day), sleeping time (h/day), walk-
ing time (h/day), moderate to vigorous physical activity 
(MVPA) time (min/day) and number of breaks in seden-
tary time (n/day) were calculated for each day, but the first 
and final days, which do not have full 24-h recording, were 
excluded. Sedentary time (h/day) was computed after sleep-
ing time was excluded using the sleep diary and activPAL 
events file (Edwardson et al. 2016). Transitions from sitting 
or lying condition to standing or stepping condition during 
waking time were used to calculate the number of breaks in 
sedentary time. A cadence greater or equal to 100 steps/min 
was classified as MVPA (Marshall et al. 2009).
Assessment of glucose profiles
The CGM used in this study records accurate interstitial glu-
cose every 15 min for up to 14 days (Bailey et al. 2015). This 
device was worn on the back of the upper arm. Participants 
were provided with the reader to scan and retrieve glucose 
data at least every 8 h. FreeStyle Libre software (version 1.0) 
was used to download the glucose data.
Glucose values before the start of breakfast, lunch and 
dinner were defined as pre-breakfast glucose, pre-lunch 
glucose and pre-dinner glucose (Thomas et al. 2016). Glu-
cose values during 2 h after breakfast, lunch and dinner 
were, respectively, used to calculate post-breakfast glucose, 
post-lunch glucose and post-dinner glucose (Thomas et al. 
2016). Meal times recorded in 24-h Dietary Recall Form 
were used to determine breakfast, lunch and dinner times. 
The CGM glucose value at bedtime, which was confirmed 
by the sleep diary and activPAL events file, was defined 
as bedtime glucose. The dawn phenomenon was defined as 
an increase in the CGM glucose value from the nocturnal 
nadir glucose to pre-breakfast glucose (Monnier et al. 2013). 
It was considered to be absent and was recorded as zero 
when pre-breakfast glucose was lower than all nocturnal 
glucose values (Monnier et al. 2012). After excluding the 
first and final days with less than 24-h data, 10614 glucose 
measurements were included to calculate pre-breakfast glu-
cose, pre-lunch glucose, pre-dinner glucose, post-breakfast 
glucose, post-lunch glucose, post-dinner glucose, bedtime 
glucose and the dawn phenomenon for each day. Across all 
participants, 4.2% of data points for these glucose profiles 
(451 of 10614 glucose measurements) were missing, and 
within-individual mean substitution was applied to deal with 
missing data points (Cheema 2014).
Daily TIR (glucose 3.9–10  mmol/L) and TAR (glu-
cose > 10 mmol/L) were also calculated for each partici-
pant (Battelino et al. 2019). Each missing glucose data 
point represents 15 min missing data time, and daily TIR 
and TAR were calculated as % of recording h/day using 
normalisation method (e.g. TIR = [time in glucose range 
of 3.9–10 mmol/L/(24 h—daily missing data time)] × 100) 
(Vigersky and McMahon 2018; Battelino et al. 2019). Par-
ticipants reported HbA1c from their last visits to general 
practitioner, diabetes specialist nurse and diabetes clinic.
Statistical analyses
To be included in the final analysis, participants were 
required to have minimum 3 days of concurrent and con-
tinuous glucose and activity data. Multiple regression mod-
els with generalised estimating equations (GEEs) approach 
were used to examine the associations of sedentary time and 
breaks in sedentary time with pre-breakfast glucose, pre-
lunch glucose, pre-dinner glucose, post-breakfast glucose, 
post-lunch glucose, post-dinner glucose, bedtime glucose, 
the dawn phenomenon, TIR and TAR. The GEE approach 
allowed us to analyse continuous and longitudinal data while 
accounting for intra-individual correlations (Windt et al. 
2018). All dependent variables, except for TIR, TAR and 
pre-lunch glucose, were normally distributed. Regression 
models for normally distributed variables were fitted under 
the linearity assumption. TIR, TAR and pre-lunch glucose 
were positively skewed, and regression models for these 
variables were fitted under the assumption of a gamma dis-
tribution (Manne et al. 2011). Model 1 was adjusted for age, 
gender, sleeping time, walking time and carbohydrate intake. 
Model 2 was adjusted for variables in Model 1 and BMI and 
duration of diabetes. Model 1 and Model 2 investigating the 
associations between breaks in sedentary time and glucose 
variables were also adjusted for sedentary time. The quasi-
likelihood under the independence model criterion (QIC) 
method was used to identify the best working correlation 
matrix, which has the smallest QIC value (Pan 2001; Cui and 
Qian 2007). In this study, the independent correlation matrix 
showed the smallest QIC value, and the regression analyses 
were therefore conducted under the assumption of an inde-
pendent correlation matrix. To determine the presence of 
multicollinearity between independent variables, thresholds 
for correlation coefficient > 0.7 and Variance Inflation Factor 
> 10 were used (Dormann et al. 2013). There was no evi-
dence of multicollinearity in the regression models (Correla-
tion coefficients < 0.5, Variance Inflation Factors < 2). The 
results are reported as unstandardised regression coefficient 
(B) with 95% confidence interval (CI) and mean with stand-
ard deviation (SD) unless otherwise indicated. Significance 
level was set at p value ≤ 0.05. Data were prepared using 
Microsoft Excel 2016, and all data analyses were conducted 
with IBM SPSS Statistics software (version 24.0).
A sensitivity analysis was conducted to investigate 
whether the associations of sedentary time and breaks in 
sedentary time with glucose variables were affected by 
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adjusting for MVPA time rather than walking time in Model 
1 and Model 2.
Results
Table 1 describes characteristics of participants. Thirty-seven 
participants (age, 62.8 ± 10.5 years; BMI, 29.6 ± 6.8 kg/
m2) (mean ± SD) with 10 ± 3.4 days (mean ± SD) of the 
CGM and activPAL3 recording time were included in final 
analyses.
Table 2 shows the results of the regression models inves-
tigating the associations between sedentary time and glucose 
variables. In Model 1, sedentary time was significantly asso-
ciated with higher pre-breakfast glucose (0.18 mmol/L/h, 
95% CI 0.07; 0.28), pre-dinner glucose (0.21 mmol/L/h, 95% 
CI 0.11; 0.32), post-lunch glucose (0.15 mmol/L/h, 95% CI 
0.04; 0.26), post-dinner glucose (0.10 mmol/L/h, 95% CI 
0.02; 0.17) and the dawn phenomenon (0.16 mmol/L/h, 95% 
CI 0.11; 0.21). A significant association between sedentary 
time and less TIR (− 1.15% of recording h/day/h, 95% CI 
− 2.13; − 0.16) was also found in Model 1. In Model 2, the 
associations of sedentary time with higher pre-breakfast 
glucose (0.19 mmol/L/h, 95% CI 0.07; 0.29), pre-dinner 
glucose (0.17 mmol/L/h, 95% CI 0.07; 0.28), post-lunch 
glucose (0.17 mmol/L/h, 95% CI 0.06; 0.28), post-dinner 
glucose (0.15 mmol/L/h, 95% CI 0.04; 0.26) and the dawn 
phenomenon (0.06 mmol/L/h, 95% CI 0.00; 0.12) and less 
TIR (− 1.09% of recording h/day/h, 95% CI − 2.07; − 0.11) 
remained significant. However, sedentary time was not sig-
nificantly associated with pre-lunch glucose, post-breakfast 
glucose, bedtime glucose and TAR in both Model 1 and 
Model 2.
The results of the regression models investigating the 
associations between breaks in sedentary time and glucose 
variables are reported in Table 3. Model 1 showed signifi-
cant associations of breaks in sedentary time with lower 
pre-breakfast glucose (− 0.01 mmol/L/break, 95% CI − 0.02; 
− 0.001), pre-dinner glucose (− 0.02 mmol/L/break, 95% CI 
− 0.03; − 0.002), post-breakfast glucose (− 0.01 mmol/L/
break, 95% CI − 0.02; − 0.01) and the dawn phenomenon 
(− 0.01 mmol/L/break, 95% CI − 0.01; − 0.002). Breaks in 
sedentary time were also associated with more TIR (0.18% 
of recording h/day/break, 95% CI 0.07; 0.29), but no sig-
nificant associations of breaks in sedentary time with pre-
lunch glucose, post-lunch glucose, post-dinner glucose, 
bedtime glucose and TAR were found in Model 1. In Model 
2, a significant association of breaks in sedentary time with 
lower pre-breakfast glucose (− 0.01 mmol/L/break, 95% CI 
− 0.01; − 0.003) was observed; however, the remaining glu-
cose variables were not significantly associated with breaks 
in sedentary.
A sensitivity analysis showed that the associations of 
sedentary time and breaks in sedentary time with glucose 
variables were independent of MVPA time. Sedentary time 
was associated with higher pre-breakfast glucose, post-lunch 
glucose, the dawn phenomenon and TAR and lower TIR 
in Model 1, and the associations with higher pre-breakfast 
glucose and post-lunch glucose and lower TIR remained sig-
nificant in Model 2 (Supplemental Table 1). Breaks in sed-
entary time were associated with lower pre-dinner glucose 
and higher TIR in Model 1 and lower pre-breakfast glucose 
in Model 2 (Supplemental Table 2).
Discussion
This study investigated, for the first time in people with type 
2 diabetes, the impact of the pattern of sedentary behav-
iour on intra-day glycaemic control in free-living conditions 
Table 1  Characteristics of participants
Data are mean ± SD or number (n)
BMI body mass index, MVPA moderate to vigorous physical activity
Characteristics of participants
Number of participants (men/women) (n) 37 (14/23)
Age (years) 62.8 ± 10.5
BMI (kg/m2) 29.6 ± 6.8
Waist circumference (cm) 99.8 ± 11.9
HbA1c (%), (n = 15 missing) 6.6 ± 0.9
HbA1c (mmol/mol), (n = 15 missing) 47.7 ± 10.6
Duration of diabetes (years) 5.9 ± 4.7
Diabetes management (n)
 No medication/diet modification alone 12
 Metformin 18
 Metformin + sulphonylurea 5
 Metformin + gliptin 1
 Metformin + sulphonylurea + gliptin 1
Carbohydrate intake (g/day) 125.3 ± 21.1
Sedentary time (h/day) 9.8 ± 1.8
Breaks in sedentary time (n/day) 52 ± 13
MVPA time (min/day) 32.1 ± 22.7
Walking time (h/day) 1.6 ± 0.7
Sleeping time (h/day) 8.3 ± 1.4
Pre-breakfast glucose (mmol/L) 6.7 ± 1.8
Pre-lunch glucose (mmol/L) 6.5 ± 1.7
Pre-dinner glucose (mmol/L) 6.7 ± 1.6
Post-breakfast glucose (mmol/L) 8.5 ± 1.9
Post-lunch glucose (mmol/L) 7.5 ± 1.6
Post-dinner glucose (mmol/L) 7.9 ± 1.7
Bedtime glucose (mmol/L) 7.1 ± 1.7
The dawn phenomenon (mmol/L) 1.6 ± 0.6
TIR (% of recording h/day) 84.9 ± 16.8
TAR (% of recording h/day) 11.4 ± 16.6
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using objective measurement methods. This study shows that 
results obtained in the laboratory transfer to free-living con-
ditions (Chastin et al. 2015). Experimental studies showed 
that breaking sedentary time impacts glycaemic control, but 
these studies compared very extreme conditions (continuous 
sitting for 5–9 h vs. breaking sitting every 20 min or 30 min) 
and were not conducted in ecologically valid settings (Chas-
tin et al. 2015). The use of continuous monitoring and inten-
sive longitudinal methods enables to show that sedentary 
behaviour does change glycaemic control during the day in 
free-living conditions. This suggests that behavioural inter-
vention aimed at modifying sedentary behaviour in type 2 
diabetes could be used as a therapeutic modality to control 
glycaemia throughout the day.
There is evidence that pre-breakfast glucose, pre-dinner 
glucose, post-breakfast glucose and post-lunch glucose 
are associated with cardiovascular complications and all-
cause mortality in those with type 2 diabetes (Cavalot et al. 
2011; Tanaka 2012; Jiang et al. 2017). This highlights the 
importance of glucose control before and after meals, and 
every 1 mmol/L increase in pre-meal glucose and post-meal 
glucose can increase the risk of a cardiovascular event by 
11% and 8%, respectively (Kilpatrick et al. 2008). How-
ever, it has been shown that glucose control before and after 
meals, particularly pre-breakfast glucose and post-breakfast 
glucose, are suboptimal in people with type 2 diabetes, even 
in those taking anti-diabetes agents (van Dijk et al. 2011; 
Paing et al. 2018a). Therefore, high incidence of diabetes-
related complications tends to occur in people with type 2 
diabetes (Nazimek-Siewniak et al. 2002; Cavalot et al. 2011; 
Jelinek et al. 2017). Considering the fact that type 2 diabetes 
is a heterogeneous condition, modifiable underlying factors 
should also be addressed, in addition to anti-diabetes agents, 
to improve clinical outcomes (Hartz et al. 2006). This study 
suggests that 4.8-h, 5.6-h, 6.7-h and 10-h decrease in sed-
entary time may produce a clinically meaningful reduction 
(1 mmol/L) in pre-dinner glucose, pre-breakfast glucose, 
post-lunch glucose and post-dinner glucose, respectively. 
The detrimental associations of sedentary time with pre-
breakfast glucose, pre-dinner glucose, post-lunch glucose 
and post-dinner glucose observed in this study support the 
findings of previous cross-sectional studies, which reported 
Table 2  Associations between 
sedentary time and glucose 
variables
Data are presented as unstandardised regression coefficient (B) with 95% confidence interval (CI)
In the GEE models, B indicates the strength of the association and how much of the dependent variable is 
explained by the independent variable
Model 1 was adjusted for age, gender, sleeping time, walking time and carbohydrate intake
Model 2 was adjusted for variables in Model 1 and body mass index and duration of diabetes
Glucose variables Number of observa-
tions (n)
B (95% CI) P value
Model 1
 Pre-breakfast glucose (mmol/L) 366 0.18 (0.07, 0.28) 0.001
 Pre-lunch glucose (mmol/L) 366 0.01 (− 0.11, 0.12) 0.884
 Pre-dinner glucose (mmol/L) 366 0.21 (0.11, 0.32) <0.001
 Post-breakfast glucose (mmol/L) 366 0.09 (− 0.03, 0.21) 0.127
 Post-lunch glucose (mmol/L) 366 0.15 (0.04, 0.26) 0.005
 Post-dinner glucose (mmol/L) 366 0.10 (0.02, 0.17) 0.013
 Bedtime glucose (mmol/L) 366 0.07 (− 0.05, 0.19) 0.260
 The dawn phenomenon (mmol/L) 366 0.16 (0.11, 0.21) <0.001
 TIR (% of recording h/day) 366 − 1.15 (− 2.13, − 0.16) 0.022
 TAR (% of recording h/day) 245 0.81 (− 0.32, 1.94) 0.164
Model 2
 Pre-breakfast glucose (mmol/L) 366 0.19 (0.07, 0.29) 0.001
 Pre-lunch glucose (mmol/L) 366 − 0.02 (− 0.13, 0.09) 0.732
 Pre-dinner glucose (mmol/L) 366 0.17 (0.07, 0.28) 0.001
 Post-breakfast glucose (mmol/L) 366 0.10 (− 0.02, 0.22) 0.109
 Post-lunch glucose (mmol/L) 366 0.17 (0.06, 0.28) 0.002
 Post-dinner glucose (mmol/L) 366 0.15 (0.04, 0.26) 0.009
 Bedtime glucose (mmol/L) 366 0.07 (− 0.05, 0.19) 0.266
 The dawn phenomenon (mmol/L) 366 0.06 (0.00, 0.12) 0.037
 TIR (% of recording h/day) 366 − 1.09 (− 2.07, − 0.11) 0.029
 TAR (% of recording h/day) 245 0.42 (− 0.49, 1.34) 0.366
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the associations of sedentary time with high fasting glucose 
and postprandial glucose after a test meal (Healy et al. 2007; 
Sardinha et al. 2017). In addition, this study suggests that 50 
breaks in sedentary time may translate to 1 mmol/L decrease 
in pre-dinner glucose, and 100 breaks in sedentary time may 
translate to 1 mmol/L decrease in pre-breakfast glucose and 
post-breakfast glucose. Therefore, reducing sedentary time 
with frequent activity breaks could be an important modifi-
able factor to improve glucose control before and after meals 
and clinical outcomes in type 2 diabetes.
This study provides initial confirmation of the associa-
tions of sedentary time and breaks in sedentary time with 
the dawn phenomenon in free-living settings. It showed that 
sedentary time can be a predictor of an increase in the dawn 
phenomenon and breaks in sedentary time can be predic-
tive of a reduction in the dawn phenomenon. This finding is 
congruent with previous experimental evidence (Paing et al. 
2019). Previous studies found that oral anti-diabetes agents 
cannot produce adequate control of the dawn phenom-
enon in people with type 2 diabetes (Monnier et al. 2007, 
2012, 2013). Our findings suggest that each 7-h decrease in 
sedentary time and 111 breaks in sedentary time may result 
in the reduction of the dawn phenomenon by > 1.1 mmol/L, 
which is a clinically validated threshold for the dawn phe-
nomenon (Monnier et al. 2013), and thus may produce a 
clinically meaningful improvement in control of the dawn 
phenomenon. Because, the magnitude of the dawn phenom-
enon > 1.1 mmol/L corresponds to an increase in HbA1c 
of 0.4% (4 mmol/mol) (Monnier et al. 2013), and even a 
1% decrease in HbA1c is associated with 37% decrease in 
microvascular complications, 14% decrease in myocardial 
infarction and 21% decrease in diabetes-related mortality 
(Stratton et al. 2000).
The use of time spent within the glucose range of 
3.9–10 mmol/L as a threshold for TIR has been clinically 
validated, and a recent consensus on the CGM glucose meas-
urements developed by an international group of experts has 
recommended TIR as a key metric of glucose regulation 
(Battelino et al. 2019). An increase in TIR of 10% can lead 
to a decrease in HbA1c of about 0.5% (5 mmol/mol) (Bat-
telino et al. 2019; Beck et al. 2019a), and the prevalence of 
diabetes-related complications is inversely associated with 
Table 3  Associations between 
breaks in sedentary time and 
glucose variables
Data are presented as unstandardised regression coefficient (B) with 95% confidence interval (CI)
In the GEE models, B indicates the strength of the association and how much of the dependent variable is 
explained by the independent variable
Model 1 was adjusted for age, gender, sleeping time, walking time, carbohydrate intake and sedentary time
Model 2 was adjusted for variables in Model 1 and body mass index and duration of diabetes
Glucose variables Number of observa-
tions (n)
B (95% CI) p value
Model 1
 Pre-breakfast glucose (mmol/L) 366 − 0.01 (− 0.02, − 0.001) 0.023
 Pre-lunch glucose (mmol/L) 366 − 0.01 (− 0.02, 0.01) 0.378
 Pre-dinner glucose (mmol/L) 366 − 0.02 (− 0.03, − 0.002) 0.023
 Post-breakfast glucose (mmol/L) 366 − 0.01 (− 0.02, − 0.01) < 0.001
 Post-lunch glucose (mmol/L) 366 − 0.003 (− 0.01, 0.01) 0.537
 Post-dinner glucose (mmol/L) 366 − 0.01 (− 0.02, 0.01) 0.329
 Bedtime glucose (mmol/L) 366 − 0.01 (− 0.02, 0.01) 0.254
 The dawn phenomenon (mmol/L) 366 − 0.01 (− 0.01, − 0.002) 0.004
 TIR (% of recording h/day) 366 0.18 (0.07, 0.29) 0.001
 TAR (% of recording h/day) 245 − 0.08 (− 0.18, 0.02) 0.129
Model 2
 Pre-breakfast glucose (mmol/L) 366 − 0.01 (− 0.01, − 0.003) 0.002
 Pre-lunch glucose (mmol/L) 366 0.01 (− 0.01, 0.02) 0.356
 Pre-dinner glucose (mmol/L) 366 − 0.003 (− 0.02, 0.01) 0.616
 Post-breakfast glucose (mmol/L) 366 0.01 (− 0.004, 0.02) 0.154
 Post-lunch glucose (mmol/L) 366 0.01 (− 0.004, 0.02) 0.207
 Post-dinner glucose (mmol/L) 366 0.004 (− 0.01, 0.02) 0.555
 Bedtime glucose (mmol/L) 366 0.004 (− 0.01, 0.02) 0.523
 The dawn phenomenon (mmol/L) 366 − 0.003 (− 0.01, 0.004) 0.391
 TIR (% of recording h/day) 366 0.08 (− 0.03, 0.19) 0.137
 TAR (% of recording h/day) 245 0.05 (− 0.03, 0.14) 0.230
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TIR in type 2 diabetes (Lu et al. 2018; Beck et al. 2019b). 
A previous study showed that each 10% reduction in TIR 
increases the risk of microalbuminuria development by 40% 
and retinopathy progression by 64% (Beck et al. 2019b). An 
important point of the present study is that it is the first to 
use this clinically validated TIR as an outcome variable, and 
it demonstrates the association between sedentary time and 
less TIR and the association between breaks in sedentary 
time and more TIR. This evidence extends the observation 
of previous studies (Fritschi et al. 2016; Paing et al. 2018b), 
and suggests that 8.7-h decrease in sedentary time and 56 
breaks in sedentary time may translate to a clinically mean-
ingful increase in TIR of 10%. We suggest that there may be 
a causal link between sedentary patterns and TIR, and reduc-
ing sedentary time with frequent activity breaks combined 
with anti-diabetes agents may produce more prominent clini-
cal effect than anti-diabetes agents alone. This remains to be 
explored in definitive randomised controlled trials.
The present study has several strengths. First, inten-
sive longitudinal design was used, and objective measure-
ments of sedentary time and breaks in sedentary time were 
assessed with the activPAL3, following the recommended 
guidelines such as using 24 h data and the activPAL events 
file for data processing, providing sleep diary and being 
transparent about activity data processing (Edwardson et al. 
2016; Dall et al. 2018). Second, the CGM used in this study 
provided accurate interstitial glucose data for up to 14 days 
and allowed us to examine daily glucose profiles throughout 
the study period (Bailey et al. 2015). The assessment of the 
dawn phenomenon was only possible with the use of CGM 
in this study (Monnier et al. 2013). Finally, potential con-
founders such as age, gender, sleeping time, walking time, 
carbohydrate intake, BMI and duration of diabetes, which 
might influence glucose control, were adjusted in statistical 
analyses (Morselli et al. 2010; Morgan et al. 2012; DiPietro 
et al. 2013; Hajian-Tilaki and Heidari 2015; Kautzky-Willer 
et al. 2015; Shamshirgaran et al. 2017).
This study also has some limitations, which could be 
addressed in future studies. A small sample size was used, 
which is often the case in intensive longitudinal studies and 
studies using the CGM due to cost and burden. Therefore, 
the present study might be underpowered to observe the 
associations of sedentary time and breaks in sedentary time 
with some glucose profiles. Moreover, participants with diet 
modification alone or metformin ± sulphonylurea ± glip-
tin were included in this study, and the sample with dif-
ferent anti-diabetes agents should be considered in future 
studies to establish generalisability of results. Furthermore, 
whether the sample meet guidelines for MVPA was not 
firmly confirmed in this study because at least 7 days of 
activity data are recommended to interpret physical activity 
level, and approximately 27% of our participants (data not 
shown) reported only 3–6 days of activity data (Edwardson 
et al. 2016). In addition, participants’ habitual diet, physi-
cal activity and sedentary patterns might be influenced by 
wearable devices such as the CGM and activPAL3 in this 
study. Finally, the associations between sedentary time and 
breaks in sedentary time and glucose control were cross-
sectional, and further experimental studies are required to 
confirm cause–effect relationship.
In conclusion, the present study suggests that better intra-
day glycaemic control could be attained by reduction of sed-
entary time and promoting breaks in sedentary time in daily 
clinical practice. Further experimental studies manipulating 
sedentary behaviour in free-living conditions are required to 
fully confirm that causal link and understand how manipulat-
ing sedentary time could be used as a therapeutic modality.
Acknowledgements This work was supported by School of Psycho-
logical Sciences and Health, University of Strathclyde, UK; PAL tech-
nologies Ltd (Glasgow, UK) and School of Health and Life-Sciences, 
Glasgow Caledonian University, UK. The funding agencies did not play 
any role in preparing and writing up manuscript and making a deci-
sion to submit manuscript. The authors would like to thank KAM who 
put significant efforts on recruitment of participants. The authors also 
thank participants who volunteered and devoted their time to the study.
Author contributions ACP, KAM, AC, AFK, AH and SFMC con-
tributed to the conception and design of the study. ACP and KAM 
collected the data. ACP and SFMC were involved in the conduct of 
data analysis and interpretation of findings. ACP drafted and revised 
manuscript. SFMC, AC, AFK, AH and KAM were involved in the 
revision of the manuscript. All authors have read and approved the 
final version of the manuscript and agree with the order of presenta-
tion of the authors.
Compliance with ethical standards 
Conflict of interest The authors declare that they have no conflict of 
interest.
Ethical approval All procedures performed involving human partici-
pants were in accordance with the ethical standards of the institutional 
and/or national research committee (the University Ethics Commit-
tee (UEC) of University of Strathclyde) and with the 1964 Helsinki 
Declaration and its later amendments or comparable ethical standards.
Informed consent Written informed consent was obtained from all 
individual participants included in the study.
Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
References
Bailey T, Bode BW, Christiansen MP et al (2015) The performance and 
usability of a factory-calibrated flash glucose monitoring system. 
 European Journal of Applied Physiology
1 3
Diabetes Technol Ther 17:787–794. https ://doi.org/10.1089/
dia.2014.0378
Battelino T, Danne T, Bergenstal RM et al (2019) Clinical targets for 
continuous glucose monitoring data interpretation: recommenda-
tions from the international consensus on time in range. Diabetes 
Care 42:1593–1603. https ://doi.org/10.2337/dci19 -0028
Beck RW, Bergenstal RM, Cheng P et al (2019a) The relationships 
between time in range, hyperglycemia metrics, and HbA1c. J 
Diabetes Sci Technol 13:614–626. https ://doi.org/10.1177/19322 
96818 82249 6
Beck RW, Bergenstal RM, Riddlesworth TD et al (2019b) Validation 
of time in range as an outcome measure for diabetes clinical tri-
als. Diabetes Care 42:400–405. https ://doi.org/10.2337/dc18-1444
Bolger N, Laurenceau J-P (2013) Intensive longitudinal methods: an 
introduction to diary and experience sampling research, 1st edn. 
Guildford Press, New York
Cavalot F, Pagliarino A, Valle M et al (2011) Postprandial blood glu-
cose predicts cardiovascular events and all-cause mortality in type 
2 diabetes in a 14-year follow-up: lessons from the San Luigi 
Gonzaga diabetes study. Diabetes Care 34:2237–2243. https ://doi.
org/10.2337/dc10-2414
Chastin SFM, Egerton T, Leask C et al (2015) Meta-analysis of the 
relationship between breaks in sedentary behavior and cardio-
metabolic health. Obesity 23:1800–1810. https ://doi.org/10.1002/
oby.21180 
Cheema JR (2014) Some general guidelines for choosing missing data 
handling methods in educational research. J Mod Appl Stat Meth-
ods 13:53–75. https ://doi.org/10.22237 /jmasm /14148 14520 
Cheyette C, Balolia Y (2013) Carbs & cals: count your carbs & calories 
with over 1,700 food & drink photos!, 5th edn. Chello Publishing 
Limited, London
Cui J, Qian G (2007) Selection of working correlation structure and 
best model in GEE analyses of longitudinal data. Commun Stat 
Simul Comput 36:987–996. https ://doi.org/10.1080/03610 91070 
15396 17
Dall P, Skelton D, Dontje M et al (2018) Characteristics of a pro-
tocol to collect objective physical activity/sedentary behaviour 
data in a large study: seniors USP (understanding sedentary 
patterns). J Meas Phys Behav 1:26–31. https ://doi.org/10.1123/
JMPB.2017-0004
DiPietro L, Gribok A, Stevens MS et al (2013) Three 15-min bouts of 
moderate postmeal walking significantly improves 24-h glycemic 
control in older people at risk for impaired glucose tolerance. 
Diabetes Care 36:3262–3268. https ://doi.org/10.2337/dc13-0084
Dormann CF, Elith J, Bacher S et al (2013) Collinearity: a review of 
methods to deal with it and a simulation study evaluating their 
performance. Ecography (Cop.) 36:27–46. https ://doi.org/10.11
11/j.1600-0587.2012.07348 .x
Edwardson CL, Winkler EAH, Bodicoat DH et al (2016) Considera-
tions when using the activPAL monitor in field based research 
with adult populations. J Sport Health Sci 6:162–178. https ://doi.
org/10.1016/j.jshs.2016.02.002
Fritschi C, Park H, Richardson A et al (2016) Association between 
daily time spent in sedentary behavior and duration of hypergly-
cemia in type 2 diabetes. Biol Res Nurs 18:160–166. https ://doi.
org/10.1177/10998 00415 60006 5
Hajian-Tilaki K, Heidari B (2015) Is waist circumference a better pre-
dictor of diabetes than body mass index or waist-to-height ratio in 
Iranian adults? Int J Prev Med 6:5. https ://doi.org/10.4103/2008-
7802.15143 4
Hartz A, Kent S, James P et al (2006) Factors that influence improve-
ment for patients with poorly controlled type 2 diabetes. Diabe-
tes Res Clin Pract 74:227–232. https ://doi.org/10.1016/j.diabr 
es.2006.03.023
Healy GN, Dunstan DW, Salmon J et al (2007) Objectively measured 
light-intensity physical activity is independently associated with 
2-h plasma glucose. Diabetes Care 30:1384–1389. https ://doi.
org/10.2337/dc07-0114
Healy GN, Dunstan DW, Salmon J et al (2008) Breaks in seden-
tary time. Diabetes Care 31:661–666. https ://doi.org/10.2337/
dc07-2046
Helmerhorst HJF, Wijndaele K, Brage S et al (2009) Objectively meas-
ured sedentary time may predict insulin resistance independent 
of moderate- and vigorous-intensity physical activity. Diabetes 
58:1776–1779. https ://doi.org/10.2337/db08-1773
International Diabetes Federation Guideline Development Group 
(2014) Global guideline for type 2 diabetes. Diabetes Res Clin 
Pract 104:1–52. https ://doi.org/10.1016/j.diabr es.2012.10.001
Jelinek HF, Osman WM, Khandoker AH et al (2017) Clinical profiles, 
comorbidities and complications of type 2 diabetes mellitus in 
patients from United Arab Emirates. BMJ Open Diabetes Res 
Care 5:e000427. https ://doi.org/10.1136/bmjdr c-2017-00042 7
Jiang J, Zhao L, Lin L et al (2017) Postprandial blood glucose out-
weighs fasting blood glucose and HbA1c in screening coronary 
heart disease. Sci Rep 7:e14212. https ://doi.org/10.1038/s4159 
8-017-14152 -y
Kautzky-Willer A, Kosi L, Lin J, Mihaljevic R (2015) Gender-based 
differences in glycaemic control and hypoglycaemia prevalence 
in patients with type 2 diabetes: results from patient-level pooled 
data of six randomized controlled trials. Diabetes Obes Metab 
17:533–540. https ://doi.org/10.1111/dom.12449 
Kilpatrick ES, Rigby AS, Atkin SL (2008) Mean blood glucose com-
pared with HbA1c in the prediction of cardiovascular disease in 
patients with type 1 diabetes. Diabetologia 51:365–371. https ://
doi.org/10.1007/s0012 5-007-0883-x
Lu J, Ma X, Zhou J et al (2018) Association of time in range, as 
assessed by continuous glucose monitoring, with diabetic retin-
opathy in type 2 diabetes. Diabetes Care 41:2370–2376. https ://
doi.org/10.2337/dc18-1131
Lyden K, Kozey Keadle SL, Staudenmayer JW, Freedson PS (2012) 
Validity of two wearable monitors to estimate breaks from sed-
entary time. Med Sci Sports Exerc 44:2243–2252. https ://doi.
org/10.1249/MSS.0b013 e3182 60c47 7
Lyden K, Keadle SK, Staudenmayer J, Freedson PS (2017) The activ-
PALTM accurately classifies activity intensity categories in 
healthy adults. Med Sci Sports Exerc 49:1022–1028. https ://doi.
org/10.1249/MSS.00000 00000 00117 7
Manne SL, Coups EJ, Jacobsen PB et al (2011) Sun protection and 
sunbathing practices among at-risk family members of patients 
with melanoma. BMC Public Health 11:122. https ://doi.
org/10.1186/1471-2458-11-122
Marshall SJ, Levy SS, Tudor-Locke CE et al (2009) Translating physi-
cal activity recommendations into a pedometer-based step goal. 
3000 steps in 30 minutes. Am J Prev Med 36:410–415. https ://
doi.org/10.1016/j.amepr e.2009.01.021
Monnier L, Colette C, Dunseath GJ, Owens DR (2007) The loss of 
postprandial glycemic control precedes stepwise deterioration of 
fasting with worsening diabetes. Diabetes Care 30:263–269. https 
://doi.org/10.2337/dc06-1612
Monnier L, Baptista G, Colette C et al (2012) Frequency and severity 
of the dawn phenomenon in type 2 diabetes: relationship to age. 
Diabetes Care 35:2597–2599. https ://doi.org/10.2337/dc12-0385
Monnier L, Colette C, Dejager S, Owens D (2013) Magnitude of the 
dawn phenomenon and its impact on the overall glucose exposure 
in type 2 diabetes: is this of concern? Diabetes Care 36:4057–
4062. https ://doi.org/10.2337/dc12-2127
Morgan LM, Shi JW, Hampton SM, Frost G (2012) Effect of meal tim-
ing and glycaemic index on glucose control and insulin secretion 
European Journal of Applied Physiology 
1 3
in healthy volunteers. Br J Nutr 108:1286–1291. https ://doi.
org/10.1017/S0007 11451 10065 07
Morselli L, Leproult R, Balbo M, Spiegel K (2010) Role of sleep 
duration in the regulation of glucose metabolism and appetite. 
Best Pract Res Clin Endocrinol Metab 24:687–702. https ://doi.
org/10.1016/j.beem.2010.07.005
Nazimek-Siewniak B, Moczulski D, Grzeszczak W (2002) Risk of 
macrovascular and microvascular complications in type 2 diabe-
tes: results of longitudinal study design. J Diabetes Complications 
16:271–276
Paing AC, Kirk AF, Collier A et al (2018a) Are glucose profiles well-
controlled within the targets recommended by the International 
Diabetes Federation in type 2 diabetes? a meta-analysis of results 
from continuous glucose monitoring based studies. Diabetes 
Res Clin Pract 146:289–299. https ://doi.org/10.1016/j.diabr 
es.2018.10.010
Paing AC, McMillan KA, Kirk AF et al (2018b) The associations of 
sedentary time and breaks in sedentary time with 24-hour glycae-
mic control in type 2 diabetes. Prev Med Rep 12:94–100. https ://
doi.org/10.1016/J.PMEDR .2018.09.002
Paing AC, McMillan KA, Kirk AF et al (2019) Dose-response between 
frequency of interruption of sedentary time and fasting glucose, 
the dawn phenomenon and night-time glucose in Type 2 diabetes. 
Diabet Med 36:376–382. https ://doi.org/10.1111/dme.13829 
Pan W (2001) Akaike’s information criterion in generalized estimating 
equations. Biometrics 57:120–125. https ://doi.org/10.1111/j.0006-
341X.2001.00120 .x
Sardinha LB, Magalhães JP, Santos DA, Júdice PB (2017) Sedentary 
patterns, physical activity, and cardiorespiratory fitness in associa-
tion to glycemic control in type 2 diabetes patients. Front Physiol 
8:262. https ://doi.org/10.3389/fphys .2017.00262 
Shamshirgaran SM, Mamaghanian A, Aliasgarzadeh A et al (2017) 
Age differences in diabetes-related complications and glycemic 
control. BMC Endocr Disord 17:25. https ://doi.org/10.1186/s1290 
2-017-0175-5
Stratton IM, Adler AI, Neil HA et al (2000) Association of glycae-
mia with macrovascular and microvascular complications of type 
2 diabetes (UKPDS 35): prospective observational study. BMJ 
321:405–412. https ://doi.org/10.1136/bmj.321.7258.405
Tanaka M (2012) Relationship between fasting and 2-hour postprandial 
plasma glucose levels and vascular complications in patients with 
type 2 diabetes mellitus. J Int Med Res 40:1295–1303. https ://doi.
org/10.1177/14732 30012 04000 408
Thomas F, Pretty CG, Desaive T, Chase JG (2016) Blood glucose lev-
els of subelite athletes during 6 days of free living. J Diabetes 
Sci Technol 10:1335–1343. https ://doi.org/10.1177/19322 96816 
64834 4
Tremblay MS, Aubert S, Barnes JD et al (2017) Sedentary behavior 
research network (sbrn)—terminology consensus project pro-
cess and outcome. Int J Behav Nutr Phys Act 14:75. https ://doi.
org/10.1186/s1296 6-017-0525-8
van der Berg JD, Stehouwer CDA, Bosma H et al (2016) Associations 
of total amount and patterns of sedentary behaviour with type 2 
diabetes and the metabolic syndrome: the maastricht study. Diabe-
tologia 59:709–718. https ://doi.org/10.1007/s0012 5-015-3861-8
van Dijk JW, Manders RJF, Hartgens F et al (2011) Postprandial 
hyperglycemia is highly prevalent throughout the day in type 2 
diabetes patients. Diabetes Res Clin Pract 93:31–37. https ://doi.
org/10.1016/j.diabr es.2011.03.021
Vigersky RA, McMahon C (2018) The relationship of hemoglobin 
A1C to time-in-range in patients with diabetes. Diabetes Technol 
Ther 21:81–85. https ://doi.org/10.1089/dia.2018.0310
Wei N, Zheng H, Nathan DM (2014) Empirically establishing blood 
glucose targets to achieve HbA1c goals. Diabetes Care 37:1048–
1051. https ://doi.org/10.2337/dc13-2173
Windt J, Ardern CL, Gabbett TJ et al (2018) Getting the most out of 
intensive longitudinal data: a methodological review of workload-
injury studies. BMJ Open 8:e022626. https ://doi.org/10.1136/
bmjop en-2018-02262 6
Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.
